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Philadelphia. Pennsylvania 
Blood How to working skeletal muscle is frequently re•
duced in patients with heart failure or peripheral vas•
cular disease. To determine if phosphorus nuclear mag•
netic resonance (NMR) can noninvasively detect such 
muscle underperfusion, gated phosphorus-31 NMR 
spectroscopy was used to compare muscle inorganic 
phosphate, phosphocreatine and pH during mild wrist 
Hexion exercise at 0.2, 0.4 and 0.6 W in eight normal 
men, before and after reduction of forearm blood How. 
Forearm How was reduced by cuff inHation to a pressure 
determined by Doppler ultrasound to bring How to 40 
to 60% of control. Attention was focused on the inor•
ganic phosphate to phosphocreatine (P;lPCr) ratio and 
pH, two variables potentially sensitive to muscle oxygen 
delivery. 
At rest with normal How, P;lPCr averaged 0.12 ± 
0.03 and pH averaged 7.02 ± 0.04. Exercise produced 
a progressive increase in P;lPCr (0.2 W = 0.43 ± 0.12; 
0.4 W = 0.75 ± 0.31; 0.6 W = 1.04 ± 0.47) and a 
modest decrease in pH (0.2 W = 6.94 ± 0.04; 
Patients with heart failure or peripheral vascular disease are 
frequently limited during exertion by symptoms caused by 
inadequate skeletal muscle blood flow (1-7). Nevertheless, 
there is presently no reliable noninvasive method of de•
tecting such muscle underperfusion. This situation makes it 
difficult to evaluate exertional symptoms in patients and to 
evaluate therapeutic regimens designed to improve muscle 
perfusion. 
In the present study. we sought to investigate whether 
phosphorus nuclear magnetic resonance (NMR) spectros•
copy can be utilized to noninvasively detect impaired ox•
ygen delivery to working skeletal muscle. Chance et al. 
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0.4 W = 6.86 ± 0.18; 0.6 W = 6.85 ± 0.06). Flow 
reduction had no effect on P;lPCr or pH at rest. In 
contrast, ftow reduction during exercise was associated 
with higher P;lPCr at all three work loads (0.2 W = 
0.60 ± 0.27; 0.4 W = 0.99 ± 0.50; 0.6 W = 2.00 ± 
1.26 [all p < 0.05 versus normal ftow]) and lower pH 
(0.2 W = 6.78 ± 0.12; 0.4 W = 6.69 ± 0.23; 0.6 W 
= 6.65 ± 0.30 [p < 0.01 versus normal ftow at 0.2 and 
0.4 W; P = 0.05 at 0.6 W]). Blood How reduction also 
impaired the rate of recovery of the p/PCr ratio after 
exercise. 
These data indicate that moderllte underperfusion of 
working skeletal muscle increases inorganic phosphate 
to phosphocreatine levels and lowers intracellular pH. 
These metabolic changes can be continuously and non•
invasively monitored by phosphorus nuclear magnetic 
resonance spectroscopy. This approach may prove useful 
in investigating skeletal muscle oxygen delivery in dis•
ease states involving reduced muscle blood How. 
(J Am Coli CardioI1986;7:793-9) 
(8-11) have demonstrated the ability of phosphorus-31 NMR 
imaging to continuously monitor skeletal muscle inorganic 
phosphate, phosphocreatine, adenosine triphosphate (A TP) 
and pH during graded muscle exercise. The ratio of inor•
ganic phosphate to phosphocreatine (P/PCr) correlates closely 
with adenosine diphosphate (ADP), the principal regulator 
of mitochondrial oxidative metabolism (12). Experimental 
studies (13-17) have shown that both this ratio and cellular 
pH are sensitive to cellular oxygen availability. Therefore. 
it should be possible to detect changes in oxygen delivery 
to skeletal muscle by monitoring the P/PCr ratio and pH. 
To test this particular hypothesis, we measured the PJPCr 
ratio and pH in forearm muscle during graded wrist exercise 
in a group of normal volunteers. We then repeated mea•
surements while forearm flow was reduced by 40 to 60%. 
Methods 
Subjects. Eight healthy men with a mean age of 31 ± 
8 years (range 23 to 49) were studied. The subjects had no 
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cardiac history and no cardiac abnormalities on physical 
examination. The protocol was approved by the Committee 
on Studies Involving Human Beings at the University of 
Pennsylvania. 
Protocol. The muscle exercise protocol follows that em•
ployed in initial studies (8-10,18). In these previous studies, 
forearm tensorlflexor exercise was performed within the 
magnet, thereby enabling metabolic changes within the fore•
arm to be measured continuously during exercise. In the 
present study, metabolic responses to exercise were eval•
uated with and without reduction in forearm blood flow, 
where flow during exercise was reduced by inflating a blood 
pressure cuff around the upper arm. 
Before nuclear magnetic resonance studies, the degree 
of cuff inflation required to produce a 40 to 60% reduction 
in flow was determined. For this purpose, subjects were 
brought to a special study room 2 to 3 days before nuclear 
magnetic resonance studies. Using a directional Doppler 
instrument (Parks Electronics Laboratory), brachial artery 
blood velocity was determined at rest and during forearm 
flexor exercise at work loads of 1, 2 and 3 J/contraction. 
Each exercise period lasted 6 minutes and was alternated 
with a 10 minute rest period. Exercise consisted of depress•
ing a handle that elevated a bar. The work load, varied by 
hanging different weights from the end of this bar, was 
determined from the weight lifted and the distance moved 
by the weight using standard formulas. Wrist flexion was 
performed every 5 seconds yielding an average power output 
of 0.2, 0.4 and 0.6 W for the three work loads. After 
completion of control exercise, brachial artery blood ve•
locity was remeasured at each exercise load with a blood 
pressure cuff inflated to different pressures. 
Brachial artery blood velocity was recorded on a strip 
chart recorder. The probe orientation was manipulated to 
obtain a stable tracing of maximal size. At rest and at each 
work load, the area under five arterial velocity curves was 
measured and then averaged. This averaged value, ex•
pressed in arbitrary units, was considered an index of bra•
chial artery flow. Average arterial blood velocity was sim•
ilarly measured for each level of blood pressure cuff inflation. 
The amount of cuff pressure needed to reduce brachial artery 
blood velocity to 40 to 60% of control velocity was deter•
mined at rest and at each work load. This same cuff blood 
pressure was then utilized to reduce forearm flow during 
nuclear magnetic resonance studies. 
To validate the use of Doppler velocity curves as an index 
offorearmflow, in three of the subjects forearm blood flow 
was measured during the three levels of exercise, first using 
Doppler ultrasound and then using single strand venous 
impedance plethysmography (19). For plethysmography, a 
mercury in silas tic strain gauge was placed approximately 
5 cm below the antecubital crease, and the collecting cuff 
was inflated to 40 mm Hg. Circulation to the hand was 
arrested by inflating a wrist cuff to suprasystolic pressure 1 
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minute before measurements were made. Doppler average 
velocity in arbitrary units and plethysmographic flow data 
in each subject were compared by linear regression analysis. 
Good correlations were found in all three subjects (r = 
0.88, 0.96 and 0.98, respectively). 
Nuclear magnetic resonance spectroscopy. Phospho•
rus-31 nuclear magnetic resonance studies were performed 
on a separate day. The subject's forearm was placed in a 
1. 9 tesla, 29.2 cm bore superconducting magnet interfaced 
with a TMR 32 Oxford Research Systems spectrometer op•
erating at 32.5 MHz for phosphorus. The flexor compart•
ment of the forearm was positioned over a 4.5 cm diameter 
surface coil which allows examination of approximately 25 
ml of tissue, Data acquisition was accomplished with the 
application of radio frequency pulses (pulse width empiri•
cally optimized at 25 to 35 p,s) applied every 5 seconds. 
After positioning of the forearm within the magnet and 
optimization of field homogeneity, a 5 minute resting phos•
phorus-31 nuclear magnetic resonance spectrum was ob•
tained. Forearm blood flow was then reduced with the blood 
pressure cuff, and three 2 minute resting spectra were ob•
tained. The arm was removed from the magnet for 10 min•
utes. Exercise at 0.2, 0.4 and 0.6 W was then performed 
as described previously. Each work load was repeated twice, 
once with and once without flow reduction. The sequence 
of exercise with normal flow and with reduced flow was the 
same for each person throughout the study but was alternated 
from subject to subject. 
For each work load, an initial 2 minute scan at rest was 
obtained to ensure full recovery to baseline. Full recovery 
was always noted. Exercise was then started. A steady state 
of arm exercise was established by an initial period of 1 
minute in which nuclear magnetic resonance spectra were 
not recorded. Data were then accumulated during the next 
6 minutes at three 2 minute intervals. After termination of 
exercise, 6 minutes of data were obtained at 1 minute in•
tervals to assess recovery characteristics. In the case of the 
flow reduction sequences, the blood pressure cuff remained 
inflated during the recovery period. The subject was then 
allowed to remove his arm from the magnet for 10 minutes, 
after which the next exercise protocol was undertaken. 
Spectral analysis. Quantitation of metabolic compo•
nents was obtained from the Fourier transformed nuclear 
magnetic resonance spectra by signal amplitude analysis. 
An exponential multiplication equivalent to a line broad•
ening of 15 Hz was employed, yielding a width at half 
height for phosphocreatine of less than 1 ppm. Inorganic 
phosphate and phosphocreatine peaks were measured and 
used to calculate an inorganic phosphate to phosphocreatine 
ratio (P/PCr). Changes in phosphocreatine and inorganic 
phosphate could be expressed as a ratio, because these com•
pounds are in a relatively fixed pool (8). Intracellular pH 
was measured as the chemical shift difference of inorganic 
phosphate from phosphocreatine (pKa = 4.6) (20). 
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Previous studies (8,9.11,18), as well as observations dur•
ing this study, indicate that the P,IPCr ratio is stable after 
3 minutes of exercise. The data accumulated during the last 
4 minutes of exercise were therefore used to calculate the 
P,IPCr ratio. In contrast. pH was observed to decrease over 
time in some SUbjects. The chemical shift during the last 2 
minutes of exercise was therefore used to calculate intra•
cellular pH. 
Reproducibility of NMR spectra. To assess the repro•
ducibility of NMR spectra, three normal subjects were stud•
ied. Each subject exercised four times at 1 J with each 
exercise period separated by \0 minutes. A similar series 
of four exercise periods was obtained at 2 and 3 J. Coef•
ficients of variation for P,IPCr ratios were then calculated 
for each subject at each load (Table O. The coefficient of 
variation for P,IPCr averaged 8% at 0.2 W, 16% at 0.4 W 
and 22% at 0.6 W. The higher coefficient of variation at 
0.6 W was due to one subject exhibiting a single P,IPCr 
ratio nearly twice as high as during the three other exercise 
periods. If this single measurement is excluded, the average 
coefficient of variation decreases to 15% for 0.6 W. Coef•
ficients of variation for resting data invariably were higher 
than for exercise data because of the low resting P,IPCr 
ratios; standard deviations for the nine P,IPCr resting ratios 
were small, ranging from 0.01 to 0.03. 
Effect of venous obstruction. The method used to re•
duce muscle flow. inflation of a blood pressure cuff, also 
obstructs venous flow. To ensure that such venous obstruc•
tion does not itself alter muscle metabolism, we measured 
forearm P,IPCr and pH at rest and at 0.2, 0.4 and 0.6 W 
of exercise in three subjects. We then repeated measure•
ments while an upper arm blood pressure cuff was inflated 
to 20 mm Hg to obstruct venous return. Venous obstruction 
had no effect on P,IPCr at rest (control = 0.07 ± 0.01; 
venous obstruction = 0.08 ± 0.01 [p = NSJ) or during 
exercise (0.2 W = 0.45 ± 0.09 versus 0.41 ± 0.05; 0.4 
W = 0.74 ± 0.18 versus 0.80 ± 0.07; 0.6 W = 1.0\ ± 
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0.34 versus 1.00 ± 0.10 [all p = NS]). Venous obstruction 
also had no effect on pH (rest = 7.00 ± 0.03 versus 
6.99 ± 0.03; 0.2 W = 6.92 ± 0.07 versus 6.92 ± 0.07; 
0.4 W = 6.87 ± 0.08 versus 6.83 ± 0.11; 0.6 W = 6.90 
± 0.04 versus 6.87 ± 0.08 [all p = NS]). 
Statistical analysis. Data were compared before and after 
flow reduction for each individual using Student's paired t 
test. Relations between variables were examined using lin•
ear regression analysis. Regression lines were compared by 
analysis of covariance. A probability (p) value of less than 
0.05 was considered significant. Data are expressed as 
mean ± standard deviation. 
Results 
Forearm energy metabolism with normal flow. The 
characteristic spectrum of a normal muscle at rest showed 
a phosphocreatine peak, an inorganic phosphate peak and 
the three peaks of ATP (y, a, (3) (Fig. O. The a and f3 
peaks were clearly resolved, whereas the y peak was fused 
with phosphocreatine. At rest, P,IPCr ratio averaged 
0.12 ± 0.03 and pH 7.02 ± 0.04. 
Exercise at each work load increased the P,Iper ratio; 
a new steady state was achieved in 1 to 3 minutes (Fig. I 
and 2). The P,IPCr ratio increased to 0.43 ± 0.12 at 0.2 
W, to 0.75 ± 0.31 at 0.4 Wand to 1.04 ± 0.47 at 0.6 
W. In all subjects, direct linear relations were noted between 
power output and the P,IPCr ratio measured during the steady 
state period of exercise (mean r = 0.96 ± 0.05). The slope 
of these relations averaged 1.54 ± 0.84 P,IPCr units/W, 
whereas the intercept averaged 0.12 ± 0.08. 
Exercise resulted in a significant decrease in pH at all 
power outputs (0.2 W = 6.94 ± 0.05,0.4 W = 6.86 ± 
0.18. 0.6 W = 6.85 ± 0.06 [all p < 0.01 versus rest]) 
(Fig. 2). All subjects were able to complete exercise with 
only mild to moderate subjective fatigue. 
Table 1. Coefficient of Variation of Nuclear Magnetic Resonance Data When Four Sequential 
Studies Were Performed at Each Work Load in Three Normal Subjects 
Mean (range) 
0.2 W 
Rest 0.12 (0.08 to 0.15) 
Exercise o 32 (0 28 to 0.32) 
04 W 
Rest 009 (009 to 0.10) 
ExerCise 0.65 (0.54 to 0.82) 
06 W 
Rest 0.10 (0.08 to 0.14) 
Exercise 2.00 (1.38 to 2.95) 
P,IPCr 
CoeffiCient of 
VanatlOn (range [%]) 
22 (18 to 27) 
8 (6 to 10) 
34 (6 to 62) 
16 (7 to 22) 
24 (17 to 34) 
22 (9 to 44) 
P,IPCr = inorgamc phosphate to phosphocreatme ratio 
Mean (range) 
7.02 (6.99 to 7.05) 
6.96 (692 to 6.98) 
6.95 (6 89 to 7.01) 
6.96 (6.89 to 6.99) 
6.94 (6 88 to 6.98) 
6.74 (6.53 to 6.96) 
pH 
SD (range) 
o 03 (0 to 0.05) 
0.03 (0 to 0.10) 
o 10 (0.04 to 0.17) 
0.04 (0 to 0.12) 
0.07 (0.03 to 0.11) 
0.09 (0.04 to 0.14) 
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REST 
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Figure 1. NMR spectra obtained at rest and with exercise during 
normal flow (left) and with flow reduction (right). ATP = aden•
osine triphosphate; PCr = phosphocreatine; PI = inorganic phos•
phate. 
Forearm energy metabolism with reduced forearm 
flow. With flow reduction, the spectra at rest were com•
parable with those obtained with normal flow (Fig. 1). P/PCr 
averaged 0.12 ± 0.02 and pH averaged 7.05 ± 0.06, not 
significantly different from the values noted with normal 
flow. 
As with normal flow, exercise at each work load led to 
a progressive increase in the P/PCr ratio, a new steady state 
being achieved in 1 to 3 minutes (Fig. 1 and 2). However, 
the P/PCr ratio was significantly higher at all three work 
loads when compared with values attained during exercise 
with normal flows (0.2 W = 0.60 ± 0.27; 0.4 W = 
0.99 ± 0.50; 0.6 W = 2.00 ± 1.26 [p < 0.05 versus 
normal flow at 0.2 and 0.4 Wand <0.02 at 0.6 W]) (Fig. 
2). Linear relations were again noted between power output 
and average P/PCr measured during the steady state period 
of exercise (mean r = 0.96 ± 0.03). However, the mean 
slope of these relations was significantly greater than with 
normal flow (slope = 2.97 ± 2.06 P/PCr units/W [p < 
0.03 versus normal flow]). The intercepts of the relations 
were not significantly different from values noted with nor•
mal flow, at 0.02 ± 0.21 (p = NS). 
Muscle pH decreased below rest levels at all levels of 
power output (0.2 W = 6.78 ± 0.12, 0.4 W = 6.69 ± 
0.23, 0.6 W = 6.65 ± 0.30) (Fig. 2). The pH was sig•
nificantly lower than with normal flow at 0.2 and 0.4 W 
(both P < 0.01) and bordered on significance at 0.6 W 
(p = 0.052). 
Relation between pH and PjPCr. To investigate whether 
the relation between P/PCr and pH is similar with normal 
and reduced flows, we compared pH levels at similar Piper 
ratios. Specifically, in each subject a level of exercise was 
(; 
~ 
ci: 
4.0 
2. 0 
0 
7.0 
6.6 
NORMAL FLOW: 
REDUCED FLOW: 
p<.05 
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6. 2 L-.._---' __ ---' __ ---'-__ ----J-__ ..J 
REST 0.2 0.4 0.6 
POWER OUTPUT (WA TTS) 
Figure 2. Mean P/PCr ratios and pH during forearm exercise 
with normal and reduced flow. NS = not significant; other ab•
breviations as in Figure 1. 
noted during normal flow (average power output = 0.4 ± 
0.2 W) and reduced flow (average power output = 0.3 ± 
0.1 W) which resulted in similar P/PCr ratios. At these 
exercise levels, P/PCr was slightly higher with normal flow 
Figure 3. Comparison of exercise pH values seen at comparable 
P/PCr ratios with normal and reduced flow. Abbreviations as in 
Figure 1. 
D NORMAL FLOit' 
2 ~ REDUCED FLOit' 1.2 
pC. 001 
G 
~ '" "-a: 5.8 
P,/PCr pH 
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(normal flow = 0,71 ± 0,32, reduced flow = 0,66 ± 
0,32 [p < 0,03]), In contrast, significantly lower intracel•
lular pH was noted with reduced flow (normal flow pH = 
6,95 ± 0,08; reduced flow = 6.75 ± 0.19 [p < 0.01]) 
(Fig. 3), suggesting that for a given level of P/PCr, exercise 
with flow reduction produced greater muscle acidosis than 
exercise with normal flow. 
Recovery of phosphocreatine after exercise. With nor•
mal flow, termination of exercise was associated with rapid 
recovery of P/PCr. Mean recovery times were 2.0 ± 0.5, 
2.3 ± 0.5 and 3.0 ± 1.1 minutes for the 0.2, 0.4 and 0.6 
W exercise sessions, respectively (Fig. 4). 
When flow was reduced, subjects terminated exercise at 
higher P.lPCr ratios than during exercise with normal flow. 
In addition, recovery time was prolonged. P/PCr ratios at 
rest were attained only after 4.3 ± 2.0, 3.8 ± 1.8 and 
5.4 ± 1.6 minutes for the three levels of exercise (p < 
0.01, 0.02 and 0.001, respectively. versus recovery with 
normal flow) (Fig. 4). 
We considered that prolonged recovery of P/PCr during 
flow reduction might be due solely to the higher initial P/PCr 
values achieved at the end of exercise, with the actual rate 
of phosphocreatine regeneration being unaffected. We 
therefore correlated the rate of change in P/PCr ratio during 
the first minute of recovery with initial P/PCr levels (Fig. 
5). The slope of the regression line based on the data ob•
tained during flow reduction was significantly lower than 
the slope derived from data obtained during normal flow 
(normal flow slope = 0.60, r = 0.93; reduced flow slope 
= 0.35, r = 0.95; p < 0.0001), suggesting that recovery 
of P,IPCr is impaired with flow reduction regardless of the 
initial P,IPCr level. 
Discussion 
Phosphorus nuclear magnetic resonance spectroscopy 
permits continuous and noninvasive monitoring of two im-
Figure 4. Mean time for recovery of PiPCr to rest values after 
termination of exercise. Abbreviations in Figure \. 
10,------------------------------, 
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Figure 5. Relation between the PiPCr ratio at the beginning of 
recovery (abscissa) and the change in this ratio during the sub•
sequent minute (ordinate). Recovery after exercise with normal 
flow is shown by the crosses. The regression line for these data 
is shown by the solid line. Data obtained after exercise with re•
duced flow are shown by the circles and dashed line. The slopes 
of the dashed and solid lines differed significantly (p < 0.0001). 
Abbreviations as in Figure 1. 
portant metabolic variables: the ratio of inorganic phosphate 
to phosphocreatine (P,IPCr) and intracellular pH (8-11). 
The P,IPCr ratio is directly related to cellular adenosine 
diphosphate (ADP) concentration (2), a key regulator of 
mitochondrial oxidative metabolism and, to a lesser extent, 
of glycolytic activity (14,21,22). Cellular pH is directly 
related to cellular glycolytic activity. Both ADP and cellular 
glycolysis are, in turn, sensitive to cellular oxygen avail•
ability; reducing muscle oxygen availability increases ADP 
and stimulates glycolysis, adjusting cellular metabolism to 
maintain a constant rate of ATP synthesis (13,14,17). Ac•
cordingly, it should be possible to detect moderate reduc•
tions in muscle perfusion by monitoring the P/PCr ratio and 
cellular pH. 
To test this hypothesis, we measured P/PCr ratios and 
pH in forearm muscle during graded wrist exercise in a 
group of normal volunteers. We then repeated measure•
ments while forearm flow was reduced by 40 to 60%, a 
degree of flow reduction similar to that observed in patients 
with heart failure or peripheral vascular disease (4,7). 
Metabolic effects of muscle flow reduction. During 
forearm exercise before flow reduction, the initial pH at rest 
and P/PCr ratios were similar to levels reported previously 
(8-11,18). During exercise, the P/PCr ratio increased lin•
early with increasing power output associated with a modest 
drop in cellular pH. These changes are consistent with pre•
vious reports in humans (8,18) and with the known role of 
ADP as a key regulator of cellular metabolism. 
At rest, reduction of flow to the forearm had no mea•
sureable effect on the P,IPCr ratio or on pH. However, at 
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all three work loads, flow reduction produced a higher steady 
state level of P/PCr and a lower cellular pH, consistent with 
stimulation of glycolysis. At any given P/PCr ratio, flow 
reduction was associated with a lower pH than with normal 
flow. possibly because of impaired washout of lactate from 
muscle. Alternatively, exercise with flow reduction may 
increase regulators of glycolysis more than exercise with 
normal flow. 
These findings are consistent with previous observations 
in cell preparations and animal models. Wilson et al. (13) 
examined the oxygen dependence of energy metabolism in 
cell cultures and observed a close inverse relation between 
oxygen availability and cytosolic ADP and inorganic phos•
phate. Using phosphorus-31 nuclear magnetic resonance, 
Idstrom et al. (17) examined the relation between oxygen 
supply and P/PCr in perfused exercising rat hind limb mus•
cles and noted a close inverse relation between oxygen sup•
ply and P/PCr. 
Clinical implications. The results of this study indicate 
that phosphorus nuclear magnetic resonance spectroscopy 
can detect moderate acute reductions in skeletal muscle ox•
ygen delivery in humans. This finding, in tum, suggests 
that phosphorus nuclear magnetic resonance may be useful 
as a noninvasive method of assessing muscle oxygen deliv•
ery in patients with heart failure and peripheral vascular 
disease. On the basis of our results, it should be possible 
to measure the P/PCr ratio and pH during several work 
loads in a patient. Demonstration of a higher than normal 
P/PCr ratio and lower than normal pH during exercise should 
then be considered suggestive of impaired muscle oxygen 
delivery. Consistent with this hypothesis, we have recently 
reported (I8) that some patients with chronic heart failure 
develop higher P/PCr ratios and lower pH than do normal 
subjects during exercise. Other investigators (23-25) have 
made similar observations in patients with severe leg clau•
dication. 
It should be recognized, however, that detection of mus•
cle metabolic abnormalities during exercise is not neces•
sarily indicative of reduced muscle oxygen delivery. Other 
factors that influence oxidative metabolism such as mito•
chondrial population, the efficiency of oxidative metabolism 
and substrate availability, all may alter muscle ADP levels, 
P/PCr ratios and pH during exercise. Therefore, demon•
stration of an elevated P/PCr ratio in a patient cannot be 
taken as definitive evidence of impaired muscle oxygen 
delivery unless coupled with demonstration that improving 
muscle oxygen delivery normalizes muscle metabolism. 
It should also be emphasized that the present study only 
examined the metabolic effects of acute muscle hypoper•
fusion. Chronic muscle hypoperfusion may have different 
effects. For example, previous studies indicate that skeletal 
muscles adapt to low flow by increasing the mitochondrial 
population and the overall efficiency of oxidative metabo•
lism and substrate utilization (26,27). Such changes could 
JACC Vol 7. No .j 
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return the slope of relation between work and the P/PCr 
ratio toward normal. 
There are two observations, however, which could serve 
to help distinguish between different causes of an abnor•
mally high P/PCr: the coincident change in muscle pH 
during exercise and the recovery of P/PCr after exercise. 
In the present study, exercise with flow reduction produced 
a lower pH at any given P/PCr ratio and more prolonged 
recovery of P/PCr than during exercise with normal flow. 
Other abnormalities, such as changes in mitochondrial ox•
idative capacity, may not have a similar impact on these 
factors. Thus, examination of the P/PCr to pH relation and 
P/PCr recovery potentially could distinguish conditions due 
to low flow from other conditions that affect the P,IPCr 
ratio. 
Even if it is not possible to determine the mechanism 
responsible for an abnormal P,IPCr ratio in a given patient, 
phosphorus-31 nuclear magnetic resonance evaluation should 
provide valuable information concerning the patient's over•
all degree of accommodation to his or her circulatory prob•
lem. Muscle performance appears to be related to cellular 
metabolism and particularly to cellular pH, at least during 
maximal exercise (28,29). If the P/PCr to work relation is 
deficient, regardless of the etiology, the patient may have 
more exertional limitation than a subject with a normal 
relation. Alternatively. if a patient has muscle underper•
fusion accompanied by adaptive changes which lead to a 
normal P,IPCr to work relation, that subject may not in fact 
have limited muscle performance. 
In summary, the present study indicates that phosphorus 
nuclear magnetic resonance spectroscopy can be utilized to 
detect acute reductions in skeletal muscle perfusion during 
exercise. This technique offers a promising new approach 
for investigating muscle oxygen delivery in patients with 
heart failure and those with peripheral vascular disease. 
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